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We study three major aspects in the B meson system in the standard model and
its extensions: QED radiative corrections, BB¯ mixing, and CP asymmetry. We
estimate the isospin-violating QED radiative corrections to the charged-to-neutral
ratios of two different types of decay rates Γ(B+ → J/ψK+)/Γ(B0 → J/ψK0)
and Γ(B+ → D+S D¯0)/Γ(B0 → D+SD−) taking into account the form factors of
the mesons based on the vector meson dominance model, and compare them with
the results obtained for the point-like mesons. We also evaluate BB¯ mixing and CP
asymmetries in B → J/ψKs and B → φKs decays as well as B± → φK(∗)± decays in
general left-right models using the effective Hamiltonian approach without imposing
manifest or pseudomanifest left-right symmetry. Based on recent measurements
revealing large CP violation, we show that a nonmanifest type model is more favored
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1 Introduction
The main goal of present experiments in B physics is to study CP violation and
test the flavor structure of the standard SU(2)L × U(1) model (SM) where the
quark flavor mixing is described by the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix. The CKM description of flavor physics has been very successful in describing
the known weak interaction phenomena and played a crucial role in the develop-
ment of the SM. In general, the extraction of CKM parameters from experiments
is not a straightforward task and is plagued by theoretical uncertainties because the
SM is written in terms of quarks while experiments are performed with hadrons
which involve low-energy strong interactions. In the B meson system, however, the
hadronic dynamics in non-perturbative regimes can be simplified by virtue of the
usual heavy quark expansion since the b-quark is heavy with respect to the Quan-
tum Chromodynamics (QCD) scale parameter ΛQCD, and hadronic uncertainties in
B decays can be eliminated or cancel in appropriate observable quantities such as
CP violating asymmetry. Furthermore, large CP -violating asymmetries have been
found especially in B decay channels with small branching ratios due to the small-
ness of the corresponding CKM matrix elements. This fact drives the need for high
statistics experiments with B mesons in order to determine the SM parameters and
test the model itself with better accuracy.
1.1 B production and isospin violation
Since the discovery of the b-quark at Fermilab in the Υ bound states in 1977, the
major features of properties of B mesons have been most extensively studied at the
peak of the Υ(4S) resonance at e+e− colliders. For a number of measurements,
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including the effects of B0B¯0 mixing and CP violation, a precise knowledge of the
B+B− to B0B¯0 production ratio given by





is very important. The recent experimental values of R+/0 measured by CLEO [1],
BABAR [2], and Belle [3] typically range from 1.01 to 1.10, and the latest precise
measurement gives R
+/0
expr = 1.006 ± 0.036 ± 0.031 [2].1 The theoretical prediction
of the deviation δR+/0 has been first made by calculating the Coulomb interaction
between point-like mesons [5], and reexamined later by considering the effects of
the electromagnetic form factors of the mesons and their interaction vertex [6]. The
theoretical values of the ratio R+/0 estimated so far range from 1.03 to 1.25. As well
as the Coulomb interactions, it was also shown that the strong interaction phase
in the region of a strong resonance can modify the experimental result of the ratio
R+/0 near threshold in e+e− annihilation [7].
In practice, the measurements of the ratio R+/0 use the yields of events for the
exclusive processes where the ratio of the decay rates for B+ and B0,
Γ(B+ → X+)
Γ(B0 → X0) ≡ 1 + δ
+/0(X), (2)
is determined by the isotopic invariance. An example of such isospin-related decays is
provided by B+ → J/ψK+ and B0 → J/ψK0 where the deviation δ+/0(J/ψK) due
to the isospin-violating mass differences between these two decays is about 0.0014.
Since this isospin violation is very small and does not exceed the present experi-
mental accuracy, it has been assumed that Γ(B+ → J/ψK+) = Γ(B0 → J/ψK0).
1It can also be mentioned that BABAR recently reported their first result of the direct mea-
surement of the branching fraction B(e+e− → B0B¯0) = 0.487 ± 0.010(stat) ± 0.008(sys) using
partial reconstruction of the decay B¯0 → D∗+l−µ¯l [4].
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In decays of this type, however, there is still an isospin violation due to Quantum
Electrodynamics (QED) radiative corrections. Given a non-zero deviation δ+/0, the




For precision measurement in present and future experiments, it is important to
understand the production ratio R+/0 of specific exclusive modes with an accuracy
of better than 1%. In particular, the decay mode such as B0 → J/ψK0 requires a
better understanding due to its great importance in the measurement of CP viola-
tion. Hence, the deviation δ+/0(X) for a specific decay mode needs to be evaluated
more carefully.
The isospin violation in B → D semileptonic decays was discussed earlier in Ref.
[8]. In the decays B− → D0lν˜ and B0 → D+lν˜, for example, the kinematic difference
due to the isotopic mass splitting of the D mesons in the spectra is not negligible
and can amount to a sizeable fraction of 1%, while the difference is compensated
in the total decay rate with a much better accuracy as predicted by the heavy
quark effective theory (HQET). On the other hand, in the nonleptonic decays
where isospin violation due to the mass difference between the charged and neutral
mesons is expected to be very small, the QED corrections may not be negligible
and dominantly lead to the ratio of the corresponding decay rates being off unity.
In the SM, the QED corrections usually amount to an α order where α is the
fine-structure constant and differ by sizeable amount depending on the final state
masses. In section 2, we will explicitly evaluate the QED radiative corrections to
the ratios of several decay rates in detail.
3
1.2 CP violation and the CKM matrix
Over the last few years, the study of CP violation in the B meson system has
undergone dramatic development. In the SM, the sizes and patterns of CP violation
in various decay modes are in principle expressed through one complex phase in the
CKM matrix [9]. But the present experimental results with large CP violation
effects in the B meson system are not simply explained with this single parameter














Figure 1: Unitary triangle (λi = V
∗
idVib).




1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1
 + O(λ4), (3)
where λ (≈ 0.22) is a real expansion parameter, and A, ρ, and η are also real quan-
tities. From the above expression, the elements Vub and Vtd can be parameterized
in terms of two phases γ and β, respectively, which form a unitary triangle (Fig.




ib = 0. The CP asymmetries
in mixing induced B meson decays are characterized by a CP angle β, and the
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observed world average value of sin 2βexpt in B → J/ψKS (b→ cc¯s) decays is given
by [12]
sin 2βJ/ψKS = 0.731± 0.056. (4)
In addition, this CP angle β is recently measured by BABAR and Belle in B → φKS
(b→ ss¯s) decays [13],2 and their average value is
sin 2βφKS = −0.39± 0.41. (5)
In the SM, however, the CP asymmetry in B → φKS decays is expected to be
very close to that in B → J/ψKS decays [15]. While admittedly the error of those
experimental data is still too large to confirm the data and justify any theory, a
2.7σ deviation between sin 2βJ/ψKS and sin 2βφKS may give a clue of new physics
(NP) effects in B decays. If so, other inclusive b → ss¯s dominated B decays such
as B± → φK(∗)± decays might receive the same contribution from the NP, and the
experimental value βexpt can be expressed through other parameters representing
the NP as well as the phase of Vtd in the SM.
1.3 SU(2)L × SU(2)R × U(1) models
As one of the simplest extensions of the SM gauge group, and so a complement of
the purely left-handed nature of the SM, the left-right model (LRM) with group
SU(2)L × SU(2)R × U(1) has been widely studied. In this model, even with two
generations of quarks one could get CP violation. With three generations of quarks,
2At the conference ICHEP2004, both collaborations presented their preliminary results implying
sin 2βφKS = 0.34±0.20 which looks closer to the SM predictions [14]. However, there is still some
room for new physics contributions and we will use their published results given in Eq. (5) for our
numerical analysis in this paper.
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this model contains many parameters and sources of CP violation [16]. One of the
main sources is the relative phase α◦ between the two vacuum expectation values
(VEVs) k and k′ of the Higgs bidoublet Φ. The other sources are the complex phases
in the left- and right-handed quark mixing matrices V L and V R, respectively. Here it
would be convenient to regard V L as the usual CKM matrix V and shift all phases
except one to V R. In addition to the phases mentioned above, the masses (MWR)
of the right-handed gauge bosons, the mixing angle ξ between the left- and right-
handed gauge bosonsWL andWR, and the right-handed gauge coupling constant gR
play important roles in NP effects as fundamental input parameters in the LRM.
The success of the SM in the low-energy phenomenology requires that the masses
(MWR) of the right-handed gauge bosons are significantly larger than those (MWL) of
left-handed gauge bosons. The first lower bound on MWR comes from a study of the
low-energy charged current sector allowing MWR & 3MWL ≈ 240 GeV [17]. Soon
after, many theoretical limits have been presented on MWR and ξ under various
assumptions [18]. The recent experimental limits were obtained by DØ and the
collider Detector at Fermilab (CDF) from direct searches for the decay channels of
the extra gauge bosonsW ′+ → `+RνR. DØ foundMW ′ > 720 GeV formνR ¿MW ′ or
MW ′ > 650 GeV for mνR = MW ′/2 [19]. CDF has the limit of MW ′ > 652 GeV for
mνR ¿MW ′ if νR is stable [20]. All of these limits were obtained assuming manifest
(V R = V L) or pseudomanifest (V R = V L∗K) left-right symmetry (gL = gR), where
K is a diagonal phase matrix [21]. Nevertheless, we will not impose discrete left-right
symmetry which can cause trouble in explaining the cosmological baryon asymmetry
and may lead to cosmological domain-wall problems [22]. However, we will also
consider the possibility of the left-right symmetric case among other possibilities.
In this paper, we investigate CP violation in the B meson system mainly in
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the LRM related to the recent experiments. In neutral B decays such as B →
J/ψKS, the CP asymmetry is governed by B
0B¯0 mixing so that this process has
been advocated as a very sensitive probe for CP violation and the presence of right-
handed current. The SM contribution toK0K¯0 mixing was previously computed for
any internal quark mass by Inami and Lim [23]. The right-handed contribution in
the LRM was investigated first by Beall, Bander, and Soni, assuming discrete left-
right symmetry [24], and again by many authors [25] under various assumptions.
But we notice that the contributions of the mixing angle ξ to B0B¯0 mixing and
CP asymmetry can be large due to the heaviness of the top quark mass and the
possibility of enhancement in the right-handed quark mixing matrix in the general
LRM. In addition to B → J/ψKS decays, the CP asymmetry in the penguin-
induced B → φKS decays was also studied earlier in the pseudomanifest left-right
symmetry model in Ref. [26]. In this case, the right-handed current contribution
to B0B¯0 mixing is suppressed by the ratio ζ of M2W to M
2
W ′ so that the NP effect
only arises in the magnetic penguin since the suppression by ξ is offset by a large
factor mt/mb arising in the virtual top quark loop [27]. However, in the nonmanifest
LRM, ζ terms in B0B¯0 mixing and absorptive part of the decay amplitudes become
important due to the possible enhancement of V R elements so that the right-handed
current contribution to the corresponding CP asymmetry is more enhanced. In
the charged B meson decays such as B± → φK(∗)± decays, on the other hand,
CP violating effects can be observed due to the superposition of CP -odd phases
and CP -even phases. After investigating the B0B¯0 system in the LRM in section
3, we will explicitly evaluate the possible right-handed current contribution to CP
asymmetries using the effective Hamiltonian approach in several charged and neutral
B decays in the general LRM, and show that CP asymmetries in those decays can
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be large enough to probe the existence of the right-handed current in section 4 in
detail.
Before we proceed our discussion on CP violation further, we briefly review here
some of the main features of the LRM, which are needed to obtain our results. The
gauge group of the LRM breaks down to that of the SM and it finally cascades
down to U(1)EM . The covariant derivative for the fermions fL,R with respect to the








The electric charge which is the unbroken U(1) generator is given by
Q = T 3L + T
3
R + S. (7)




























































where the primes indicate that the fermions are gauge rather than mass eigenstates.
In order to generate masses for the fermions and implement the symmetry break-
ing, we need to include scalar fields into our theory. The simplest choice is to





































































where k and k′ are complex, and vL and vR are real. χR is needed to generate a
large MWR if vR À |k|, |k′|, vL. But χL is not essential unless we impose left-right
symmetry. It is also possible to adopt other choices of Higgs field such as Higgs
triplets instead [28]. The Lagrangian for the scalar field is
Lscalar = Tr[(D
µΦ)†DµΦ] + (DµχL)†DµχL + (DµχR)†DµχR
− V (Φ, χL, χR). (11)
For the Higgs fields described above, the kinetic terms in the Lagrangian generate



















where K2 = |k|2 + |k′|2 and α◦ is the phase of k∗k′. After the mass matrix is
diagonalized by a unitary transformation the eigenvalues can be expressed in terms




cos2 ξ +M2WR sin
2 ξ +M2WLR sin 2ξ,
M2W ′ = M
2
WL
sin2 ξ +M2WR cos
2 ξ −M2WLR sin 2ξ. (13)
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where ξ is a mixing angle defined by





















Here, the Schwarz inequality requires that ζg ≡ g2RM2W/g2LM2W ′ ≥ ξg ≡ (gR/gL)ξ .
From the limits on deviations of muon decay parameters from the V-A prediction,
the lower bound on MW ′ can be obtained as follows [29]:
ζg < 0.033 or MW ′ > (gR/gL)× 440 GeV. (17)
We will use this number for our numerical analysis.
ϕ, ϕW, W’ ’
Figure 2: Tree-level Feynman diagrams for the gauge boson (W,W ′) and the un-
physical scalar bosons (ϕ, ϕ′) exchange.
As well as the above charged gauge bosons, the charged unphysical scalar bosons
corresponding to the longitudinal components of the physical bosons take part in
the charged current interactions. The coupling of the unphysical scalar fields to the
fermions can be found from the detailed structure of the Higgs potential V (Φ, χL, χR)
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and the Yukawa couplings. However one can directly determine the unphysical scalar
couplings in terms of the gauge couplings without considering the Higgs potential,
but using the Ward identities which ensure that the unphysical poles in the two
diagrams shown in Fig. 2 should cancel each other [30]. The charged interaction
Lagrangian is then given by









µ + [−ULgLsξL+ URgRc+ξ R]W ′+µ
+[(ULMPgLcξ − URMNgRs+ξ )L+ (−ULMNgLcξ + URMPgRs+ξ )R]
ϕ+µ
MW





+H.c. + . . . , (18)
where cξ (sξ) ≡ cos ξ (sin ξ), s±ξ ≡ e±α◦ sin ξ, L,R ≡ (1∓γ5)/2 denote left- and right-
handed projection operators, MP = diag(mu,mc,mt) and MN = diag(md,ms,mb)
are the diagonalized quark mass matrices, P (N) is the mass eigenstate correspond-
ing to its eigenvalue MP (MN), and U
L (UR) is the left- (right-) handed quark
mixing matrix. In a similar way to the charged gauge bosons, the neutral gauge
bosons mix each other [31]. But we do not present them here because their con-
tributions to BB¯ mixing and CP asymmetries in the corresponding B decays are
negligible.
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2 QED corrections to isospin-related decay rates
of B mesons
2.1 Electromagnetic form factors of mesons
In this section, we mainly concentrate on the two different types of the non-
leptonic B decays, B+ → J/ψK+ and B0 → J/ψK0 (V P type) decays as well
as B+ → D+S D¯0 and B0 → D+SD− (PP type) decays where P (V ) denotes a pseu-
doscalar(vector) meson. The calculation of the QED radiative corrections due to
virtual- and real-photon in the leading order for point-like charged scalar particles
is quite straightforward. The radiative corrections due to virtual-photons can be



























































Figure 4: One-loop diagrams for B+ → D+S D¯0 and B0 → D+SD− decays. The D+S
self-energy makes no contribution to the ratio of the corresponding decay rates.
However, one cannot simply treat the mesons as point-like particles because
the QED corrections are sensitive to the structure of the mesons, and thus we
require models for the form factors of mesons. The electromagnetic form factor
FX of a meson X is successfully modeled in the intermediate energy region using
the vector meson dominance model (VMDM) [32]. The most commonly used
VMDM assumes that all photon-hadron coupling is mediated by vector mesons
and the form factors are expressed through their propagators. Taking account of
the electric charges of the quarks comprising the mesons, we use the VMDM based
parametrization for the form factors in such a way that each meson behaves like a
point-like particle in a zero photon momentum limit as follows:3
3We assume here that the form factors are primarily associated with the ρ and ω mesons, and
neglect the φ meson contributions for simplicity, which does not change our result significantly. In
other words, we take into account the form factors for the electromagnetic current of the u and d







































where k is the momentum of photon and mρ is the mass of ρ meson. Then one
can obtain the leading virtual-photon corrections to the ratios of the decay rates by






























































where the subscripts Ai and Bj denote each loop shown in Fig. 3 and Fig. 4. Note
that it is clear from the above equations that ultraviolet divergences arising from
the one-loop calculation are naturally eliminated.
2.2 QED radiative corrections to decay rates
For actual calculation, it is convenient to introduce a small non-zero photon mass
mγ and obtain the analytic expressions of the virtual-photon corrections for the
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point-like mesons first, so that the additional terms due to the ρ meson propagator
in the VMDM can be simply obtained by replacing the photon mass with the ρ
meson mass. Then, infrared divergences arising from the one-loop diagrams are
expressed by lnmγ, and the linear terms of mγ can be dropped whereas those of
mρ cannot because the ρ meson is heavier than the K meson. Using the modified
propagators given in Eq. (20), one can obtain the leading virtual-photon corrections







































fK(x, y;w) = −4 + 2
(









































































































1− x − lnw
)
, (25)




































and where rP ≡ m2P/m2B and we use mP+ = mP 0 ≡ mP . In the above equations,
ln rK term in Eq. (23) has a mass singularity in the limit mK → 0 and it is
removed by the same term in the real-photon corrections. In the VMDM there are
additional terms such as mρ/mK for non-zero mρ and mK in general, and Eq. (24)
was obtained for the K meson satisfying mρ/2 < mK < mρ. In the limit mK → 0,
the additional singular terms lnmK and mρ/mK in Eq. (24) produced by the ρ
meson propagator are replaced by ln rρ, and the function gK can be rewritten as






































As for the D mesons, one can see the term mρ/mD in Eq. (26) and this formula is
valid for any other scalar meson P satisfying the condition mP > mρ.
The real-photon corrections can be simply obtained by assuming that all mesons




















1− 4rD; rγ), (28)
where
hK(x, y;w) = 9− pi
2
3
− 4√x− 2(1− 3x)
(1− x)2 − 2
(












































1− x + lnw
)
. (30)







explicitly see that the infrared divergent terms expressed by ln rγ in the virtual-
photon corrections cancel out the same terms arising in the real-photon corrections
in the usual way.
Using the standard values of the meson masses, we estimate the numerical values















As a comparison, we list the radiative corrections for the point-like mesons too.
In B → J/ψK decays, the QED radiative correction to the ratio of the decay
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rates is small because the real-photon correction is offset by the virtual-photon
correction. On the other hand, the QED correction in B → D+SD decays is sizable
for the point-like mesons but significantly reduced in the VMDM due to the similar
compensation between the real- and virtual-photon correction. In both cases, the
deviations δ+/0 due to the isotopic mass splitting of the K and D mesons are about
0.0014, so that the total isospin violation effect in B → J/ψK decays becomes
about 0.3% in the VMDM while that in B → D+SD decays becomes negligible. In
different decay modes, of course, the corrections can be enhanced or reduced due to


















Figure 5: Box diagrams for B0B¯0 mixing with the gauge bosons (W,W ′) and the
unphysical scalar bosons (ϕ, ϕ′).
3 BB¯ mixing
3.1 Effective Hamiltonian for BB¯ mixing
The effective Hamiltonian in the B0B¯0 system is obtained by integrating out the
internal loop in the box diagrams in Fig. 5 just as in the SM. We neglect external
momenta and the d-quark mass, but the result is valid for general internal quark
masses. One finds, using the Feynman-’t Hooft gauge, the charged gauge boson




































































































2 + (f(x2i , x
2




















+ (f(x2i , x
2










, ξ±g ≡ e±αξg, λABi ≡ V A∗id V Bib , xi ≡
mi
MW
(i = u, c, t), (37)
and
f(xi, xj; ζ) =
ln(1/ζ)




(xi − xj)(1− xi)(1− xiζ) + (i −→ j)
)
,
g(xi, xj; ζ) =
ζ ln(1/ζ)




(xi − xj)(1− xi)(1− xiζ) + (i −→ j)
)
. (38)
Although the form of the charged interactions in Eqs. (34)-(36) is independent of
our particular choice of scalar representation, the Ward identities require that the
box diagrams contributing to B0B¯0 mixing in the LRM are not gauge invariant
[33]. In order to impose gauge invariance into our theory, we need to involve flavor-
changing neutral Higgs bosons, but it is known that their contributions, even at the
20
tree-level as long as the mass of the flavor-changing Higgs boson is much heavier
than MW ′ ,
4 are suppressed by approximately a factor of ζ compared to the above
gauge boson contributions [34]. Therefore the above results, in the approximation of
neglecting external momenta and the d-quark mass, provide the complete effective
Hamiltonian contributing to B0B¯0 mixing.
At this stage, in order to analyze the resulting effective Hamiltonian quantita-
tively, we need to consider specific forms of the right-handed quark mixing matrices
V R. If the model has manifest or pseudomanifest left-right symmetry, WR mass has
a stringent bound MWR ≥ 1.6 TeV [24], and the WR boson contributions to B0B¯0
mixing and tree-level b decay are very small. But, in general, the form of V R is not
necessarily restricted to manifest or pseudomanifest symmetric types, so the WR
mass limit can be lowered to approximately 300 GeV by taking the following forms
of V R [35];
V RI =

eiω ∼ 0 ∼ 0
∼ 0 cReiα1 sReiα2
∼ 0 −sReiα3 cReiα4
 , V RII =

∼ 0 eiω ∼ 0
cRe
iα1 ∼ 0 sReiα2
−sReiα3 ∼ 0 cReiα4
 , (39)
where cR (sR) ≡ cos θR (sin θR) (0◦ ≤ θR ≤ 90◦). Here the matrix elements indicated
as ∼ 0 may be . 10−2 and unitarity requires α1 + α4 = α2 + α3. From the b → c
semileptonic decays of the B mesons, we can get an approximate bound ξg sin θR .
0.013 by assuming |V Lcb | ≈ 0.04 [36].
The effective Hamiltonians obtained in Eqs. (34)-(36) are then further simpli-
fied using the Glashow-Iliopoulos-Maiani (GIM) cancellation
∑
i=u,c,t λi = 0 and
neglecting the u-quark mass:
4The tree-level flavor-changing neutral Higgs contributions with masses MH of order MW ′ in

















































(4− x) ln x
(1− x)(1− xζ) +
(1− 4ζ) ln ζ
(1− ζ)(1− xζ) ,
A2(x, ζ) =
4− x
(1− x)(1− xζ) +
(4− 2x+ x2(1− 3ζ)) lnx
(1− x)2(1− xζ)2
+
(1− 4ζ) ln ζ









x(1 + x) ln x
(1− x)2 .
Note that S(x) is the usual Inami-Lim function, A1(x, ζ) is obtained by taking the
limit x2c = 0, and H
RR
eff is suppressed because it is proportional to ζ
2. Also, in the




mixing, so we concentrate on the second type V RII in this section. Moreover, if we
consider QCD effect in BB¯ mixing, the correction factors should be included in
the functions S and Ai. However, there are many uncertainties such as hadronic
matrix elements and new parameters in the LRM to prevent us from the precision
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analysis at this stage, and the QCD corrections to BB¯ mixing are not big enough
to change our numerical estimate. Therefore we will ignore the QCD corrections
to BB¯ mixing for simplicity.
3.2 BB¯ mixing matrix


















< B¯0|HLReff |B0 >
< B¯0|HSMeff |B0 >
. (44)
For specific phenomenological estimates one needs the hadronic matrix elements of
the operators in Eqs. (40), (41) in order to evaluate the mixing matrix element. We
use the following parametrization:























and where fB is the B meson decay constant and Bi (i = 1, 2, 3) are the bag factors.
In the vacuum-insertion method [37], Bi = 1 in the limit mb ' mB. We will use
fBB
1/2
i = (210± 40) MeV for our numerical estimates [38]. In the case of V RI , there
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is no significant contribution of HLReff to B
0B¯0 mixing, so that M12 =M
SM
12 because
λRLt ' 0. In the case of V RII , using mc=1.3 GeV, mb=4.4 GeV, mt=170 GeV, and
|V Lcd| ≈ 0.224, and adopting the parametrization given in Eq. (45), one can express














1− 5.02ζg − (0.498− 1.99ζg) ln(1/ζg)







where l = 0.008/|V Ltd |, δ1 = −2β + α2 − α3, δ2 = −β − α3 + α4, δ3 = −β − α3, and
the mixing phase α◦ was absorbed in αi by redefining αi + α◦ → αi.
Now we investigate numerically the behavior of the ratio |rLR|, which is the
deviation ofM12 from the SM value, under variation ofMW ′ , ξg, θR, and the phases
in V R, assuming l = 1. Although we use the average value of |Vtd|, which might be
different from the actual value of |V Ltd |, it should not affect the order of magnitude
in our estimates. First, in order to see the dependence of |rLR| on the phases,
we fix MW ′ = 800 GeV, ξg = 0.005, θR = 15
◦, and set δ3 = pi because its effect
is relatively much smaller than that of δ1 and δ2. The plot is shown in Fig. 6.
From Eq. (47) and Fig. 6, one can see that |rLR| becomes maximal when δ1,3 = pi
and δ2 = 0, and minimal when δ1,2,3 = pi if θR . 70◦ (or δ1,2 = pi and δ3 = 0 if
θR & 70◦ ). This behavior also holds for other values of MW ′ and ξg. Since |rLR| is
a continuously varying function of the phases, we can probe the allowed region for
|rLR| with respect to the parametersMW ′ , ξg, and θR. Next, we fixMW ′ = 800 GeV,
ξg = 0.005, and evaluate |rLR| by varying θR. Note that |rLR| can approach zero at a
nonzero θR near 73
◦ as shown in Fig. 7. Otherwise, it is larger than 1, which means
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that generally it is possible to have |MLR12 | À |MSM12 |. In Fig. 8, we consider the
behavior of |rLR| for gR/gL ≥ 0.5, ξg = 0.0004, and θR = 14◦, 70◦ as MW ′ is varied.
The behavior of |rLR| exhibits a substantial dependence on MW ′ , and |rLR| can be
larger than 1 even for MW ′ ∼ 2 TeV. Moreover, it can be seen that |rLR| falls near
MW ′ ∼ 300 GeV at certain angles and phases in the mixing matrices. This reflects
the possibility of relatively light masses of W ′ compared to the previously known
bound. We will return to this point in section 4. The dependence of |rLR| on ξg
satisfying ξg sin θR . 0.013 at fixed MW ′ = 700 GeV and θR = 14◦, 70◦ is shown in
Fig. 9. As one can see, |rLR| can be enhanced up to 10% of the SM contribution
for the given inputs. Although its effect is smaller than that of other parameters, it
is not negligible and can be dominant in |rLR| if the first two ζ dependent terms in
Eq. (47) cancel each other.
As we mentioned previously, the average value of |Vtd|might be different from the
actual value of |V Ltd |, and there is also ambiguity from errors in fBB1/2i . Therefore
the mass mixing ∆MSMB can be either much larger or smaller than ∆M
exp
B . However,
if we assume that 0.5 . |∆MSMB /∆M exptB | . 2, we can get specific bounds on the
mass MW ′ and the angle θR using the experimental value ∆M
exp
















Figure 6: Behavior of the ratio |rLR| as δ1,2 are varied.
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Figure 7: Allowed region for |rLR| and θR.
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Figure 8: Allowed regions for |rLR| and MW ′ for gR/gL ≥ 0.5. The dashed lines
correspond to the lower bounds onMW ′ in Eq. (17) for the ratio gR/gL = 1,2,3, and
4, respectively.
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Figure 9: Allowed regions for |rLR| and ξg for MW ′ = 700 GeV.
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4 CP asymmetries in B decays
4.1 Effective Hamiltonian for ∆B = 1 and ∆S = 1 transition
The effective Hamiltonian approach is especially useful to describe the low-energy
QCD effects of the full theory systematically. The low-energy effective Hamiltonian
calculated within the framework of the operator product expansion (OPE) has a
finite number of operators in a given order, which is dependent upon the structure
of the model. In the LRM, the low energy effective Hamiltonian at the energy scale
























+ (CiOi → C ′iO′i), (48)
where
Ou1 = (s¯αuβ)V−A (u¯βbα)V−A , O
u
2 = (s¯αuα)V−A (u¯βbβ)V−A ,
Oc1 = (s¯αcβ)V−A (c¯βbα)V−A , O
c











































































and where α and β are color indices. O1,2 are the standard current-current opera-
tors, O3−O6 are the standard QCD penguin operators, O7−O10 are the standard
electroweak penguin operators, and Oγ7 and O
G
8 are the standard photonic and glu-
onic magnetic operators, respectively [39]. Since we have additional SU(2)R group
in the LRM, the operator basis is doubled by O′i which are the chiral conjugates of
Oi. Also new operators O11,12 and O
′
11,12 arise with mixed chiral structure of O1,2
and O′1,2 [27].
In order to calculate the Wilson coefficients Ci(µ), we first calculate them at
µ = MW scale. After performing a straightforward matching computation, we find
the Wilson coefficients at W scale neglecting the u-quark mass:
Cq2(MW ) = 1, C
q′





Cγ7 (MW ) = F (x
2
t ) + A
tbF˜ (x2t ),
Cγ′7 (MW ) = A
ts∗F˜ (x2t ), (50)
CG8 (MW ) = G(x
2
t ) + A
tbG˜(x2t ),










−20 + 31x− 5x2
12(x− 1)2 +
x(2− 3x)
2(x− 1)3 ln x,
G0(x) =
x(2 + 5x− x2)
8(x− 1)3 −
3x2
4(x− 1)4 lnx, (51)











eiα◦ (D = b, s). (52)
All other coefficients vanish, and the terms proportional to ξg and ζg in the magnetic
coefficients are neglected except the contribution coming from the virtual t-quark
which gives mt/mb enhancement. Also the term proportional to ζg in the tree-level
coefficient C ′2 is not neglected because ζg ≥ ξg and there is possible enhancement by
the ratio of CKM angles (λRRq /λ
LL
q ) in the nonmanifest LRM.
The coefficients Ci(µ) at the scale µ = mb can be obtained by evolving the
coefficients Ci(MW ) with the 28×28 anomalous dimension matrix applying the usual
renormalization group procedure. Since the strong interaction preserves chirality,
the 28 × 28 anomalous dimensional matrix decomposes into two identical 14 × 14
blocks. The SM 12 × 12 submatrix describing the mixing among O1 − O10, Oγ7 ,
and OG8 can be found in Ref. [40], and the explicit form of the remaining 4 × 4
matrix describing the mixing among O11,12, O
γ
7 , and O
G
8 , which partially overlaps
with the SM 12× 12 submatrix, can be found in Ref. [27]. The low energy Wilson






where the λj’s in the exponent of η = αs(MW )/αs(mb) are the eigenvalues of the
anomalous dimension matrix over g2/16pi2 and the matrix S contains the correspond-
ing eigenvectors. The result for the photonic and gluonic magnetic coefficients are
calculated in Ref. [27] and in Ref. [26], respectively, and the rest of them related to
our analysis can be found in Ref. [39].5 Therefore we do not repeat them here, and
lead the reader to the original papers. For 5 flavors, we have the following numerical
values of Ci(mb) in LL precision using ΛMS=225 MeV, mb=4.4 GeV, and mt=170
GeV:
Cq1 = −0.308, Cq′1 = Cq1ζgλRRq /λLLq ,









C3 = 0.014, C4 = −0.030, C5 = 0.009, C6 = −0.038,
C7 = 0.045α, C8 = 0.048α, C9 = −1.280α, C10 = 0.328α, (54)
Cγ7 = −0.317− 0.546Atb, Cγ′7 = −0.546Ats∗,
CG8 = −0.150− 0.241Atb, CG′8 = −0.241Ats∗.
Note that C ′3 − C ′10 are negligible comparing to Cγ′7 and CG′8 whereas C ′1,2 are not.6
We will show that C ′1,2 are important to the absorptive parts in penguin-dominated
B decays in the next subsection.
4.2 CP asymmetry in charged B meson decays
For charged B meson decays, the non-zero CP violating asymmetry defined as
5Although QCD correction factors in C ′1,2 are different from those in C1,2 in general [41], we
use an approximation αs(MW ′) ' αs(MW ) for simplicity, which will not change our result.
6The numbers we obtained for Cγ(′)7 and C
G(′)
8 are slightly different from those in Ref. [26]




















Figure 10: Diagrams for penguin-induced b→ sq¯′q′ decays.
ACP =
Γ(B+ → f+)− Γ(B− → f−)
Γ(B+ → f+) + Γ(B− → f−) (55)
originates from the superposition of CP -odd(violating) phases introduced by CKM
matrix elements and CP -even(conserving) phases arising from the absorptive part
of the amplitudes. Since we have obtained the relevant effective Hamiltonian in
the previous subsection, it is quite straightforward to calculate the partial decay
rates and CP asymmetries in b → ss¯s decays. These decays are governed by three
different types of penguin diagrams shown in Fig. 10. The absorptive part of the
amplitudes arises at O(αs) from the one-loop penguin diagrams with insertions of
the operators O
(′)
1,2 shown in Fig. 10(a). The detailed calculation of the one-loop
penguin matrix element of the operators O1,2 in the SM is in Ref. [42] so that we
can be very brief. The renormalized matrix elements of the operators O
(′)
1,2 in the














































9 (Nc = 3), (57)
and








and where k is the momentum transferred by the gluon to the (s, s¯) pair. As one
can see from Eq. (58), different CP -even phases arise from the imaginary parts of
the functions I(mu, k, µ) and I(mc, k, µ). On the other hand, the penguin operators
O3−O10 contribute to only the dispersive parts of the amplitudes and give tree-level
penguin transition amplitudes shown in Fig. 10(b). Also, as shown in Fig. 10(c),





8 to the dispersive part of the amplitude. Using the factorization


















G > . (59)
Here k2 is expected to be typically in the range m2b/4 ≤ k2 ≤ m2b/2 [44]. We will
use k2 = m2b/2 for our numerical analysis.
Now we are ready to consider B± → φK± decays explicitly. Since the axial-
vector parts of the operators do not contribute to the transition amplitudes in these
decays we can simply use < Oi >=< O
′
i > with the help of the vacuum-insertion
method [37]. Combining all operators, we obtain the following transition amplitude
using the unitarity relation
∑
q=u,c,t λq = 0:
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×X(B−K−,φ) + (Ci → C ′i), (60)
where X(B
−K−,φ) ≡< φ|s¯γµs|0 >< K−|s¯γµb|B− >. The amplitude A(B+ → φK+)
is simply obtained from A(B− → φK−) by replacing λLLq → λLL∗q and C(′)i →
C
(′)∗
i . In the SM, nonzero CP asymmetry arises from the superposition of the
CP -odd phase γ in V Lub and the different CP -even phases arising from the function
I(mq, k,mb) due to the mass difference between c- and u-quark. The resulting CP
asymmetry is known to be very small ∼ O(10−2) [42, 45] because the magnitude
of the absorptive part is much smaller than that of the dispersive part. Using the
numbers in Eq. (54), mc=1.3 GeV, and Arg[V
L
ub] = −59◦, we can estimate the SM
value of CP asymmetry:
ASMCP (B
± → φK±) ' 7.3× 10−3. (61)
As stated earlier, if the model has manifest left-right symmetry, the WR mass
has a stringent bound MWR ≥1.6 TeV, and its contribution to the decay amplitude
is very small so that CP asymmetry in the manifest LRM should be very small
as well. Since this value is small and our purpose is to estimate the possible large
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right-handed current contribution, we take a limit I(mc, k, µ) = I(mu, k, µ) in order
to get around the uncertainty of V Lub obtained under the SM framework and clearly
see the right-handed current contribution. Then we can express A(B− → φK−) in
terms of new parameters ζg, ξg, and θR for two types of V
R in Eq. (39) in the LRM
using the unitarity relation
∑
q=u,c,t λq = 0 and the numbers in Eq. (54) again as
follows:
A(B− → φK−)I ' −GF√
2
{





A(B− → φK−)II ' −GF√
2
{
− 2.87eiϕ1 + 10.1ξgcReiα4
}
× 10−3X(B−K−,φ),(62)
where (ϕ1, ϕ2)=(−14.9◦,−53.1◦) are CP -even phases. One can clearly see here that
the ζg term coming from the coefficients C
′
1,2 is not negligible in case of V
R
I . Likewise,
the transition amplitude in B− → φK∗− decays can be easily obtained by using
< Oi >= − < O′i > because K∗− is a vector particle:















−K∗−,φ) ≡< φ|s¯γµs|0 >< K∗−|s¯γµγ5b|B− >. Although the CP asym-
metry in B− → φK− decays should be the same as that in B− → φK∗− decays
in the SM, they can be different in LRM so that the measured difference of CP
asymmetries between them may give the size of the NP effects.




± → φK±) = 0.05± 0.20± 0.03,
AexptCP (B
± → φK∗±) = 0.43 + 0.36− 0.30 ± 0.06. (64)
The SM value in Eq. (61) lies in the range of AexptCP (B
± → φK±), but a little
off the range of AexptCP (B
± → φK∗±). In order to explicitly compare these values
with the theoretical estimates in the LRM, we first plot ACP (B
± → φK±) and
ACP (B
± → φK∗±) in the case of V RI in Fig. 11 for the typical values ζg=0.01,
ξg=0.008, and θR = 70
◦ as α3,4 are varied. In the figure, CP asymmetry is drastically
changing by varying α3, and this behavior holds for other values of ζg, ξg, and θR.
For the given inputs, ACP (B
± → φK±) and ACP (B± → φK∗±) can be different by
about 0.5. In the case of V RII , one can see from Eqs. (62), (63) that ACP (B
± → φK±)
= ACP (B
± → φK∗±) because it has no dependance of ζg and α3 unlike the previous
case. In Fig. 12, we fix ξg=0.01, and evaluate CP asymmetry by varying θR and α4.
It shows that CP asymmetry is very small with a small parameter ξg. Therefore, if
we observe large CP asymmetry or any difference between ACP (B
± → φK±) and
ACP (B
± → φK∗±), the second type of mass mixing matrix V RII is disfavored.
4.3 CP asymmetry in neutral B meson decays
In the case of the neutral B meson decays into CP self-conjugate final states f ,
mixing induced CP asymmetry can be expressed by the parametrization invariant


















where ηf=1(-1) for a CP -even(odd) final state f and M12 is the dispersive part of
the B0B¯0 mixing matrix element defined in Eq. (43). The CP angle β mentioned
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earlier is simply the imaginary part of λ in B → J/ψKS decays in the SM:
sin 2β = Imλ(B → J/ψKS) ' Imλ(B → φKS). (66)
In the general LRM, the two types of V R give us two distinct results. Since
B → J/ψKS decay is governed by the tree-level amplitude, the transition amplitude
is given by
















where X(BKs,J/ψ) ≡< J/ψ|c¯γµc|0 >< Ks|s¯γµb|B◦ >, and we ignored the KK¯ mix-
ing. The transition amplitude in B → φKS decays can be simply obtained from Eq.
(62) by replacing the hadronic matrix element X(B
−K−,φ) → X(BKs,φ).
For illustration of the possible effect of the new interaction on the mixing induced
CP asymmetry, we assume that β = 20◦ and l = 1, and show that the region of
parameters αi where Imλ(B → J/ψKS) ' 0.73 and Imλ(B → φKS) ' −0.39 since
|λ| ≈ 1. To do so, we need to find an appropriate set of parameters ζg, ξg, and θR
yielding a large difference ∆CP ≡ Imλ(B → J/ψKS) − Imλ(B → φKS). First, we
evaluate ∆CP in the case of V
R
I for ζg = ξg = 0.01, α1,2 = 0 by varying θR and α3
in Fig. 13(a). In the figure, ∆CP becomes maximal near α3 ∼ −120◦ and increases
as θR increases, and this behavior holds for other values of fixed parameters. Since
we assumed that ∆CP is larger than 1, we fix α3 = −120◦, and evaluate ∆CP in
Fig. 13(b) for α1,2 = 0 and ξg = ζg by varying θR and ζg. One can see from the
figure that ∆CP approaches 1 for ζg & 0.01 and θR & 10◦, and its variation is small.
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After repeating this analysis, we get a probable set of parameter values ζg = 0.01,
ξg = 0.008, θR = 70
◦, and α3 = −120◦. Using these values, we plot the contours
corresponding to Imλ(B → J/ψKS) = 0.73 and Imλ(B → φKS) = −0.39 in the
parameter space of α1,2 in Fig. 14. We may conclude, as a result of the obtained
figures, that the manifest or pseudomanifest LRM is disfavored under the given
assumptions. In a similar way to the case of V RI , the results of the analysis of the












































(b) B± → φK∗± decays



















Figure 12: Behavior of ACP (B



































Figure 13: Behavior of the CP asymmetry difference ∆CP between B → J/ψKS
and B → φKS decays in the case of V RI .
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Figure 14: Contour plot corresponding to Imλ(B → J/ψKS) = 0.73 (solid line) and




































Figure 15: Behavior of the CP asymmetry difference ∆CP between B → J/ψKS
and B → φKS decays in the case of V RII .
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Figure 16: Contour plot corresponding to Imλ(B → J/ψKS) = 0.73 (solid line) and
Imλ(B → φKS) = −0.39 (dashed line) for sin2β = 0.64 in the case of V RII .
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5 Summary
In summary, we studied three major aspects in the B meson system in the SM and
the LRM: QED radiative corrections, BB¯ mixing, and CP asymmetry. At present
B -factory experiments, a measurement of the B+B− to B0B¯0 production ratio R+/0
in e+e− annihilation is essential for observing large CP violating effects and accurate
determination of the SM parameters such as quark-mixing matrix elements. The
practical measurements of the ratio R+/0 use the ratio of some isospin-related decay
rates where the isospin-violating effect due to mass differences between those decays
is very small. In decays of these types, however, there is still an isospin violation
due to QED radiative corrections which may affect the measurements of R+/0. Due
to this reason, we explicitly calculated the QED corrections to the ratios of the two
different types of B decays, B+ → J/ψK+ and B0 → J/ψK0 (V P type) decays as
well as B+ → D+S D¯0 and B0 → D+SD− (PP type) decays. The estimated QED
corrections to the ratios of those decay rates range approximately from 0.1% to 1%
depending on the structures of the final state mesons. Therefore, in order to obtain
the production ratio R+/0 more accurately in precision measurements, one should
include the QED correction or find an appropriate decay mode where the isotopic
violation due to the QED effects is very small. As well as the determination of
R+/0, the obtained results are also of importance in the study of the structure of
hadron. We explicitly show in Eq. (31) and Eq. (32) how the form factors of the
mesons affect the radiative corrections. This work can be used to test the model
itself and will be useful for the study of the form factors when future experiments
are available to access the ratios of the decay rates.
The decay B0 → J/ψK0 is a transition into a CP eigenstate with eigenvalue
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-1, and originates from the b → c¯cs¯ tree-level transition. It is especially important
as a benchmark mode since large CP -violating effects were observed recently. In
the SM, CP violation in the above decay mode is expressed by a phase β in the
CKM matrix through B0B¯0 mixing, but the present experimental results revealing
large CP violation are not simply explained with this single phase. Therefore we
reexamined B0B¯0 mixing and CP asymmetry in B decays in the LRM since it is
one of the simplest extensions of the SM gauge group and a complement of the
purely left-handed nature of the SM. In the LRM, if one does not impose manifest
or pseudomanifest left-right symmetry, the W ′ contributions to B0B¯0 mixing and
CP asymmetry in B0 decays are highly dependent upon the phases in the mass
mixing matrix V L,R. For certain phases, the contribution of W ′ with a heavy mass
about a few TeV to B0B¯0 mixing can be sizeable. On the other hand, there is also
the possibility of the existence of W ′ with a light mass about a few hundred GeV,
whose contribution can be either very large or small, and so the contribution of the
mixing angle ξ is not negligible. Since the existence of a light W ′ requires a small
gR, gR . gL, one can see from Eq. (43) and Fig. 8 that its contribution is limited.
Therefore even assuming that ∆MLRB . ∆MSMB , we find that there is a possibility
of a light W ′ with a mass MW ′ ∼ 300 GeV.
In addition to B0 → J/ψK0 decays, the CP angle β can be measured in
B0 → φKS decays which originate from the b → ss¯s penguin-induced transition.
In the SM, CP asymmetry in B0 → J/ψK0 decays should be very close to that in
B0 → φKS decays, but the present experiments show a large discrepancy between
them. Based on these preliminary experimental results, we explicitly evaluated the
sizes of the NP contributions to CP asymmetry in those decays using the effective
Hamiltonian approach. We find that the manifest or pseudomanifest LRM is disfa-
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vored, and the bounds of the new parameters are restricted as shown in Figs. 13-16.
Similar argument can be made in charged B meson decays such as B± → φK(∗)±
decays where the SM contribution to CP asymmetry is very small. In the LRM,
V RI is more probable than V
R
II if CP asymmetries in those decays are large or dif-
ferent from each other. Furthermore, one can see from Fig. 11 and Fig. 12 that
the contribution of the obtained parameter sets from Fig. 14 and Fig. 16 under the
given assumption reduces the size of CP asymmetries in B± → φK(∗)± decays. In
this way, CP asymmetries in other mixing induced decays such as B → φK∗ can be
estimated systematically, and all of these analysis of possible NP contributions can
be tested once the experimental results are confirmed.
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